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Abstract 

This study examines the impacts of convective parameterization and moisture 

convective trigger on convectively coupled equatorial waves simulated by the Seoul 

National University (SNU) atmospheric general circulation model (AGCM). Three 

different convection schemes are used including the relaxed Arakawa-Schubert (RAS) 

scheme, the Kuo scheme, and the moist convective adjustment (MCA) scheme, and a 

moisture convective trigger with variable strength is added to each scheme. We also 

conduct a “no convection” experiment with deep convection scheme totally turned off. 

Eight years of AMIP experiment for each model configuration are analyzed. Space-time 

spectral analysis is used to obtain the variance and phase speed of dominant convectively 

coupled equatorial waves, including the Madden-Julian Oscillation (MJO), Kelvin, 

equatorial Rossby (ER), mixed Rossby-gravity (MRG), and eastward inertio-gravity 

(EIG) and westward inertio-gravity (WIG) waves.  

The results show that both convective parameterization and moisture convective 

trigger have significant impacts on AGCM-simulated convectively coupled equatorial 

waves. The MCA scheme generally produces larger variances of convectively coupled 

equatorial waves including MJO, more coherent eastward propagation of MJO, and more 

prominent MJO spectral peak than the KUO and SAS schemes. Increasing the strength of 

moisture trigger significantly enhances the variances and slows down the phase speeds of 

all wave modes except the MJO, and usually improves the eastward propagation of MJO 

for KUO and SAS schemes, but the effect for MCA scheme is small. The “no 

convection” experiment always produces one of the best signals of convectively coupled 

equatorial waves and the MJO. 
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1. Introduction 

The tropical deep convection does not occur randomly, but is often organized by 

convectively coupled equatorial waves, such as the Madden-Julian Oscillation (Madden 

and Julian 1971), Kelvin, equatorial Rossby (ER), mixed Rossby-gravity (MRG), and 

eastward inertio-gravity (EIG) and westward inertio-gravity (WIG) waves (e.g. Takayabu 

1994; Wheeler and Kiladis 1999, hereafter WK). These waves significantly affect a wide 

range of tropical weather such as the onset and breaks of the Indian and Australian 

summer monsoons (e.g. Yasunari 1979; Wheeler and McBride 2005), and the formation 

of tropical cyclones in almost all basins (e.g. Liebmann et al. 1994; Maloney and 

Hartmann 2000, 2001; Bessafi and Wheeler 2006). On a longer timescale, the 

convectively coupled equatorial waves also trigger or terminate some El Nino events (e.g. 

Kessler et al. 1995, Takayabu et al. 1999, Bergman et al. 2001; Roundy and Kiladis 

2006). Therefore, these waves are important for both weather prediction and climate 

prediction. 

Unfortunately, these convectively coupled equatorial waves are not well simulated in 

the general circulation models (GCMs) used for predictions and projections. For 

example, poor simulation of the MJO has been a well-known long-standing problem in 

GCMs, and the model MJOs are often too weak and propagate too fast (e.g. Hayashi and 

Sumi 1986; Hayashi and Golder 1986, 1988, Lau et al. 1988, Slingo et al. 1996; Waliser 

et al. 2003; Lin et al. 2006). The Atmospheric Model Intercomparison Project (AMIP) 

study by Slingo et al. (1996) found that no model has captured the dominance of the MJO 

in space-time spectral analysis found in observations, and nearly all have relatively more 

power at higher frequencies (<30 days) than in observations.  
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Recently, Lin et al. (2006) evaluates the tropical intraseasonal variability in 14 

coupled GCMs participating in the Inter-governmental Panel on Climate Change (IPCC) 

Fourth Assessment Report (AR4). They evaluated not only the MJO, but also, for the first 

time in literature, other convectively coupled equatorial waves. The results show that 

current state-of-the-art GCMs still have significant problems and display a wide range of 

skill in simulating the tropical intraseasonal variability. The total intraseasonal (2-128 

day) variance of precipitation is too weak in most of the models. About half of the 

models have signals of convectively coupled equatorial waves, with Kelvin and MRG-

EIG waves especially prominent. However, the variances are generally too weak for all 

wave modes except the EIG wave, and the phase speeds are generally too fast, suggesting 

that these models may not have a large enough reduction in their “effective static 

stability” by diabatic heating. Most of the models produce overly weak MJO variance and 

poor MJO propagation. Moreover, the MJO variance in 13 of the 14 models does not 

come from a pronounced spectral peak, but usually comes from part of an over-reddened 

spectrum, which in turn is associated with too-strong persistence of equatorial 

precipitation. The two models that arguably do best at simulating the MJO are the only 

models having convective closures/triggers linked in some way to moisture convergence 

(i.e., the so-called Kuo-type closure/trigger). 

Many observational studies have found clear signals of moisture preconditioning in 

MJO (e.g. Maloney and Hartmann 1998; Kemball-Cook and Weare 2001; Sperber 2003; 

Seo and Kim 2003; Myers and Waliser 2003; Kiladis et al. 2005; Tian et al. 2006). 

Consistently, many previous GCM studies have shown that adding a moisture trigger to 

the convection scheme can improve the simulations of MJO (e.g. Tokioka et al. 1988; 
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Itoh 1989; Wang and Schlesinger 1999; Lee et al. 2003; Zhang and Mu 2005). In a 

classic study, Wang and Schlesinger (1999) added a relative humidity criterion (RHc) to 

three different convection schemes: a modified version of the Arakawa-Schubert (1974) 

scheme, the Kuo (1974) scheme, and the moist convective adjustment (MCA) scheme of 

Manabe et al. (1965). They found that the simulated MJO is highly dependent on RHc. 

As RHc increases, the oscillations in the simulations become stronger for all three 

convection schemes. Using an aqua-planet version of a GCM, Lee et al. (2003) confirmed 

the results of Wang and Schlesinger (1999) and further studied the detailed convection 

structure simulated by three different convection schemes. They found that the MCA 

scheme tends to produce intense point-like convective storms, while the relaxed 

Arakawa-Schubert (RAS) scheme (Moorthi and Suarez 1992) tends to simulate low-

intensity drizzling precipitation. The Kuo simulation lies in between. However, the 

impacts of moisture trigger on GCM simulated other convectively coupled equatorial 

waves (Kelvin, ER, MRG, EIG, and WIG) have not been studied by previous studies. 

The purpose of this study is to extend the works of Wang and Schlesinger (1999) and 

Lee et al. (2003) to examine the effects of moisture trigger on AGCM-simulated 

convectively coupled equatorial waves. Three different convection schemes (RAS, Kuo, 

and MCA) are used, together with an experiment with convection scheme totally turned 

off (the “no-convection” experiment, i.e. only the large-scale condensation scheme is 

working). The questions we address are:  

(1) How do the simulated convectively coupled equatorial waves depend on the 

different convection schemes? Does the KUO scheme always produce good MJO 

signals as the IPCC models with KUO-type closure/trigger? 
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(2) What are the impacts of moisture trigger on the simulated convectively coupled 

equatorial waves? 

(3) How is the “no-convection” experiment compared with the experiments with 

convection schemes? 

The models and validation datasets used in this study are described in section 2. The 

diagnostic methods are described in section 3. Results are presented in section 4. A 

summary and discussion are given in section 5. 

 

2. Models and validation datasets 

The model used in this study is the Seoul National University atmospheric general 

circulation model (SNUGCM).  The model is a global spectral model, with 20 vertical 

levels in a sigma coordinate.  In this study, T42 (~2.8o x 2.8o) truncation is used for the 

model horizontal resolution.  The standard deep convection scheme of the SNUGCM is a 

simplified version of the relaxed Arakawa-Schubert (SAS) scheme (Numaguti et al. 

1995).  The large-scale condensation scheme consists of a prognostic microphysics 

parameterization for total cloud liquid water (Le Treut and Li, 1991) with a diagnostic 

cloud fraction parameterization.  Non-precipitating shallow convection scheme (Tiedtke 

1983) is also implemented in the model for the mid-tropospheric moist convection.  The 

boundary layer scheme is a non-local diffusion scheme based on Holtslag and Boville 

(1993), while the land surface model is from Bonan (1996).  The radiation process is 

parameterized by the two-stream k distribution scheme implemented by Nakajima et al. 

(1995).  Other details of the model physics are described in Lee et al. (2001, 2003). 
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To examine the effects of the convection parameterizations on the simulated 

convectively coupled equatorial waves, we tested the model with three different 

convection schemes with variable strength of moisture trigger functions. The basic 

closure assumption of the SAS scheme is same as that of Arakawa and Schubert (1974), 

where the intensity of the deep convection is parameterized by the sum of the cloud work 

functions (parcel buoyancies of the entraining convective plumes). Only positive cloud 

work functions can trigger moist convection. Following Tokioka et al. (1988), an 

additional trigger function was added to the standard SAS scheme, which constrains the 

entrainment rate of convective plumes (µ) as: 

D/
min

!µ = ,                                                             (1)        

where D is the depth of the planetary boundary layer and α is a non-negative constant. 

Only convective plumes of µ≥µmin are triggered in the cumulus ensemble.  We increased 

the constant α  for testing the strength of the moist convective trigger in the SAS scheme.  

The Kuo scheme assumes a fraction of b of total moisture convergence to the given 

atmospheric vertical column (Kuo 1974) as: 

 
ab

a

RHRH

RHRH
b

!

!
!=1  ,                                                      (2) 

that parameterized to moisten the atmosphere, whereas remaining (1-b) rains out.  In Eq. 

(2), RH denotes the column-mean relative humidity, and RHa and RHb are two constants 

that determine the strength of the moist convection trigger. As they increase, deep 

convection is getting harder to be triggered.   The moist convective adjustment (MCA) of 

Manabe et al. (1965) simply trigger moist convection and restores the lapse rate to the 

moist adiabatic, if only the lapse rate of the two contiguous layers becomes moist 

convective unstable and saturated. Saturation condition is met when the grid-mean RH 
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exceeds the critical value (RHc). In this study, various values of RHc were tested to 

modify the convection trigger in the MCA scheme.  Finally, the model was tested without 

deep convection scheme, where the simulated precipitation is solely generated by the 

large-scale condensation scheme.   

Table 1 summarizes the various sensitivity experiments that analyzed in this study, 

and each run consists of 8 year AMIP-style simulations (1979-1986) driven by the same 

observed sea surface temperatures and sea-ice distributions.   

The model simulations are validated using multiple observational datasets. To bracket 

the uncertainties associated with precipitation measurements/retrievals, especially the 

well-known difference between infrared (IR) based retrievals and microwave-based 

retrievals (e.g. Yuter and Houze 2000), we use two different precipitation datasets: (1) 8 

years (1997-2004) of daily GOES Precipitation Index (GPI, Janowiak and Arkin 1991) 

precipitation with a horizontal resolution of 2.5 degree longitude by 2.5 latitude, which is 

retrieved based on IR measurements from multiple geostationary satellites; and (2) 8 

years (1997-2004) of daily Global Precipitation Climatology Project (GPCP) One-

Degree-Daily (1DD) Precipitation (Huffman et al. 2001) with a horizontal resolution of 1 

degree longitude by 1 degree latitude. These are IR-based GPI retrievals scaled by the 

monthly means of microwave-based SSM/I retrievals.  

 

3. Method 

Through the space-time spectral analysis of outgoing longwave radiation (OLR), 

Takayabu (1994) and WK demonstrated that a significant portion of tropical cloudiness is 

organized in waves corresponding to the normal modes of the linear shallow water 
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system isolated by Matsuno (1966).   In WK, these spectra represent the power remaining 

in the symmetric and antisymmetric components of OLR about the equator after dividing 

raw wavenumber-frequency power spectra by an estimate of the background power 

spectrum.  Peaks standing above the background correspond to the Kelvin, n=1 equatorial 

Rossby (ER), mixed Rossby-gravity (MRG), n=0 eastward inertio-gravity (EIG), n=1 

westward inertio-gravity (WIG) and n=2 WIG waves.  It was found that the dispersion 

curves that best match the wavenumber-frequency characteristics of these waves have 

surprisingly shallow equivalent depths in the range of around 25 m, which is about an 

order of magnitude smaller than that expected for a free wave with a similar vertical 

wavelength twice the depth of the troposphere (e.g. Salby and Garcia 1987; Wheeler et 

al. 2000).  

Using the methodology of WK, space-time spectra of daily tropical precipitation were 

obtained for the 8 years of model data used in this study and compared with those of 

eight years of observed precipitation estimates from the GPI and 1DD data sets.  We will 

briefly outline this procedure here, and refer the reader to WK and Lin et al. (2006) for 

further details. 

The model and validation precipitation data were first interpolated to a zonal 

resolution of 5 degrees longitude. We then decomposed the precipitation into its 

antisymmetric and symmetric components, averaged these from 15N to 15S, and 

computed spectra of the averaged values.  To reduce noise the space-time spectra were 

calculated as in WK for successive overlapping segments of data and then averaged, here 

128 days long with 78 days of overlap between each segment.  Complex Fourier 

coefficients are first obtained in zonal planetary wavenumber space, which are then 
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subjected to a further complex FFT to obtain the wavenumber-frequency spectrum for the 

symmetric and antisymmetric components of precipitation about the equator. 

An estimate of the "background" space-time spectrum is obtained for each data set by 

averaging the power of the symmetric and antisymmetric spectra and smoothing this by 

successive passes of a 1-2-1 filter in frequency and wavenumber (see WK).  The raw 

spectra are then divided by this background to obtain an estimate of the signal standing 

above the background noise.  Here we assume the signal is significant if it stands at 1.2 

times (or 20% above) the background.  It should be emphasized that, while this is only a 

rough estimate of the true "significance" of the signals, the intent is to simply identify 

those modes which might represent signals in rainfall standing above a simple red noise 

continuum that would presumably prevail if rainfall were not organized by disturbances 

on the large scale. 

The definitions of Kelvin, ER, MRG, EIG and WIG modes are as in WK and Lin et 

al. (2006. Each mode was isolated by filtering in the wavenumber-frequency domain (see 

Fig. 6 of WK for the defined regions of filtering for each wave), and the corresponding 

time series were obtained by an inverse space-time Fourier transform. 

As in Lin et al. (2006) the MJO is defined as significant rainfall variability in 

eastward wavenumber 1-6 and in the period range of 30-70 days. The variance of the 

MJO anomaly was also compared with the variance of its westward counterpart, i.e., the 

westward wavenumbers 1 through 6, 30-70 day anomaly, which was isolated using the 

same method as above. 
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4. Results 

a Climatological precipitation in the equatorial belt 

Previous observational studies indicate that the intraseasonal variance of convection 

is highly correlated with time-mean convective intensity (e.g. WK, Hendon et al. 1999). 

Therefore we first look at the eight-year time-mean precipitation along the equatorial 

belt, especially over the Indo-Pacific warm pool region, where most of the convectively 

coupled equatorial waves have the largest variance (WK). Figure 1 shows the annual 

mean precipitation versus longitude averaged between (a) 15N and 15S, and (b) 5N and 

5S. To focus on the large-scale features, we smoothed the data zonally to retain only 

zonal wavenumbers 0 through 6. Figure 1 demonstrates two points. First, all experiments 

except KUO-1 simulate reasonably the basic feature of observed precipitation, with the 

primary maximum over the Indo-Pacific warm pool region, and a secondary local 

maximum over Central/South America. KUO-1, on the other hand, produces overly large 

precipitation over western Indian Ocean, eastern Pacific and Atlantic Ocean, which is 

similar to many IPCC AR4 models (Lin et al. 2006). Within the warm pool region, all 

experiments, except KUO-1 and SAS-0, reproduce the local minimum of precipitation 

over the maritime continent, but there is a positive bias over the western Pacific and a 

negative bias over the eastern Indian Ocean. Outside the warm pool region, all 

experiments produce quite realistic magnitude of precipitation over Central/South 

America. Comparing with the 15N-15S average (Figure 1a), the biases in 5N-5S average 

(Figure 1b) are smaller over western Pacific, but larger over eastern Indian Ocean.  

Second, although in some cases (KUO-1 and SAS-0) adding/removing a moisture 

trigger causes significant change in climatological mean precipitation, in most of the 
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cases it has little effect on the mean precipitation (e.g. KUO-2 vs KUO-3; SAS-1, SAS-2 

and SAS-3; all MCA experiments), and thus any difference in their intraseasonal 

variability is likely due to the moisture trigger instead of change in mean precipitation. 

In short, the climatological precipitation over the Indo-Pacific warm pool is 

reasonably simulated by all experiments except KUO-1. Changing the moisture trigger 

has little effect on the climatological mean precipitation in most of the cases, suggesting 

that in those cases any change in the intraseasonal variability is likely due to change in 

moisture trigger instead of change in mean precipitation. 

b Total intraseasonal (2-128 day) variance and raw space-time spectra 

Figure 2 shows the total variance of the 2-128 day precipitation anomaly along the 

equator averaged between (a) 15N-15S, and (b) 5N-5S. There are two important things to 

note concerning Figure 2. First, despite the similar annual mean precipitation over the 

Indo-Pacific warm pool in all experiments except KUO-1 and SAS-0, the total 

intraseasonal variance displays a large scatter ranging from much smaller than 

observations to much larger than observations. There is a tendency for the models to have 

larger variance over the western Pacific than over the Indian Ocean, which is consistent 

with their tendency to have larger annual mean precipitation over the western Pacific 

(Figure 1). Among the three convection schemes, the MCA scheme tends to produces the 

largest variance, while the SAS scheme tends to produce the smallest variance and the 

KUO scheme lies in between. Interestingly, the NO CONV experiment also produces one 

of the largest variances, which is similar to the MCA experiments and the KUO-3 

experiment with nearly saturated RH trigger.  
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Second, increasing the strength of moisture trigger significantly enhances the total 

intraseasonal variance for KUO scheme and SAS scheme. Note that KUO-1 produces one 

of the smallest 15N-15S variances over the whole Indo-Pacific warm pool (Figure 2a) 

although it simulates the largest 15N-15S annual mean precipitation over Indian Ocean 

(Figure 1a). It is also the case for SAS-0 which produces the largest 5N-5S mean 

precipitation over western Pacific (Figure 1b) but one of the smallest variances in that 

region (Figure 2b). However, increasing the strength of moisture trigger has little effect 

for the MCA scheme, which always produces the largest variances.  

The symmetric space-time spectrum of the observational 1DD data is shown in Figure 

3a where, as in WK, the plotted contours are the logarithm of the power. The spectrum is 

very similar in shape to those obtained by WK, even though WK used OLR instead of the 

blend of precipitation estimates comprising the 1DD dataset. As in WK, the spectrum is 

very red in time and space, with most power at the largest spatial scales and lowest 

frequencies. Despite this redness, distinct spectral peaks and gaps are evident even in this 

raw spectrum. One obvious feature is the dominance of eastward over westward power at 

low wavenumbers and frequencies, a signal corresponding to the MJO. Other peaks also 

correspond to known equatorial wave modes, and will be discussed further below. 

The remainder of Figure 3 displays the corresponding spectra from the various model 

experiments, using identical contour intervals and shading as in Figs. 5a,and b  (recall 

that these spectra are calculated for identical daily and 5 degree horizontal resolutions). 

Consistent with their total intraseasonal variances (Figure 2), the MCA scheme and NO 

CONV experiment produce the largest spectral powers in all frequencies and 

wavenumbers, while SAS scheme tends to simulate the smallest power, and the KUO 
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scheme lies in between. For both KUO scheme and SAS scheme, increasing the strength 

of moisture trigger significantly enhances the spectral power in all frequencies and 

wavenumbers. However, the effect is small for the MCA scheme. The characteristics of 

the raw antisymmetric spectra, in terms of total power and redness, are generally similar 

to Fig. 6 and so will not be shown here.  

In summary, the MCA scheme and NO CONV experiment produce the largest total 

intraseasonal (2-128 day) variances of precipitation and the largest spectral powers in 

space-time spectrum. Increasing the strength of moisture trigger significantly enhances 

the total intraseasonal variance and spectral power for KUO and SAS schemes, but the 

effect for MCA scheme is small. The NO CONV experiment always produces one of the 

largest variances and spectral powers similar to the MCA experiments and the KUO-3 

experiment with nearly saturated moisture trigger. 

c Dominant intraseasonal modes 

Figure 4 and Figure 5 show the results of dividing the symmetric and antisymmetric 

raw spectra by the estimates of their background spectra.  This normalization procedure 

removes a large portion of the systematic biases within the various models and observed 

data sets in Figure 3, more clearly displaying the model disturbances with respect to their 

own climatological variance at each scale. Signals of the Kelvin, ER, and WIG waves are 

readily identified in the observational symmetric spectra (Figure 4a and b), along with the 

MRG and EIG waves in the antisymmetric spectra (Figure 5a and b).  The MJO also 

appears as a prominent signal, especially in the symmetric spectra.  Dispersion curves of 

the shallow water modes are also shown on all spectra, corresponding to equivalent 

depths of 12, 25, and 50 m.  As in the OLR spectra of WK, all of the observed spectral 
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peaks corresponding to shallow water modes best match an equivalent depth of around 25 

m in the observational rainfall data. 

All experiments display signals of convectively coupled equatorial waves, with 

Kelvin and MRG-EIG waves especially prominent. For each experiment, all modes scale 

similarly to a certain equivalent depth, which is indicative of similar physical processes 

linking the convection and large-scale disturbances within each experiment. Increasing 

the strength of moisture trigger significantly slows down the phase speeds of Kelvin and 

MRG-EIG waves for both KUO and SAS schemes, but the effect is small for the MCA 

scheme. The NO CONV experiment simulates prominent wave signals which have the 

slowest phase speeds among all experiments.  

When a model displays signals of a certain wave mode in Figure 4 and Figure 5, it 

means that the variance of that wave mode stands out above the background spectra (i.e., 

a high signal-to-noise ratio), but the absolute value of the variance of that wave mode 

may not be large. Therefore, it is of interest to look further at the absolute values of the 

variance of each wave mode. Figure 6 shows the variances of the (a) Kelvin, (b) ER, (c) 

MRG, (d) EIG, and (e) WIG modes along the equator averaged between 15N and 15S. 

There are three important conclusions that can be drawn from Figure 6. First, increasing 

the strength of moisture trigger significantly enhances the variance of all wave modes for 

both KUO and SAS schemes, but the effect is small and sometimes opposite for the MCA 

scheme. Second, the variance produced by the MCA scheme is always much larger than 

the observed variance. This is amazing since only one or two of the 14 IPCC AR4 models 

produce variances that are barely larger than observation. Third, the variance produced by 
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the NO CONV experiment is always among the largest, and is always much larger than 

the observed variance. 

In summary, all experiments display signals of convectively coupled equatorial 

waves, with Kelvin and MRG-EIG waves especially prominent. For both KUO and SAS 

schemes, increasing the strength of moisture trigger significantly enhances the variances 

and slows down the phase speeds of all wave modes. However, the effect is small for the 

MCA scheme which always simulate prominent wave signals with variances much larger 

than observation. The NO CONV experiment also simulates prominent wave signals 

whose variances are among the largest, and phase speeds are the slowest. 

d Variance of the MJO mode 

Now we focus on the variance of the MJO mode, i.e., the daily variance in the MJO 

window of eastward wavenumbers 1-6 and periods of 30-70 days. Figure 7 shows the 

variance of the MJO anomaly along the equator averaged between (a) 15N and 15S, and 

(b) 5N and 5S. Figure 7 demonstrates four points. First, many experiments with moisture 

trigger produce quite large MJO variance that is close to or larger than the observed value 

over western Pacific. This is amazing considering the fact that only two of the 14 IPCC 

AR4 GCMs analyzed by Lin et al. (2006) simulate MJO variance that approaches the 

observed value. Second, although experiments with moisture trigger generally produce 

larger MJO variance than those without moisture trigger, increasing the strength of 

moisture trigger doe not enhance monotonically the MJO variance, even for KUO and 

SAS schemes. For example, KUO-3 experiment produces smaller 15N-15S MJO 

variance than KUO-2 experiment over western Pacific, and so is SAS-4 versus SAS-3 

(Figure 7a). This is in sharp contrast with the monotonic increase in the variances of other 
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wave modes for KUO and SAS schemes (Figure 6). For the MCA scheme, increasing the 

strength of moisture trigger even suppress the MJO variance over western Pacific, 

especially near the equator (Figure 7b), although the annual mean precipitation remains 

nearly the same (Figure 1b). Therefore, even though increasing the strength of moisture 

trigger always enhances the variances of other convectively coupled equatorial waves, 

one has to choose carefully a medium strength in order to get a strong MJO variance. 

Fourth, the NO CONV experiment always produces one of the largest variances, which is 

close or even larger than the observed value. 

In addition to the variance of the eastward MJO, another important index for 

evaluating the MJO simulation is the ratio between the variance of the eastward MJO and 

that of its westward counterpart, i.e., the westward wavenumber 1 through 6, 30-70 day 

mode, which is important for the zonal propagation of tropical intraseasonal oscillation. 

Figure 8 shows the ratio between the eastward variance and the westward variance 

averaged over (a) an Indian Ocean box between 5N-5S and 70E-100E, and (b) a western 

Pacific box between 5N-5S and 140E-170E. In observations, the eastward MJO variance 

roughly triples the westward variance over both the Indian Ocean (Figure 8a) and the 

western Pacific (Figure 8b). Most of the experiments produce an overly small ratio. The 

MCA scheme often simulates a ratio larger than the other two schemes. Increasing the 

strength of moisture trigger generally increases the ratio for KUO and SAS schemes, but 

not for the MCA scheme. The NO CONV experiment always produces one of the largest 

ratios. 

The competition between the eastward MJO variance and its westward counterpart 

largely determines the zonal propagation characteristics of tropical intraseasonal 
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oscillation. A useful method for evaluating the MJO simulation is to look at the 

propagation of 30-70 day filtered anomaly of the raw precipitation data, which includes 

all wavenumbers (zonal mean, eastward wavenumbers 1-6, westward wavenumbers 1-6, 

eastward wavenumbers 7 and up, westward wavenumbers 7 and up), to see if the MJO 

mode (the eastward wavenumbers 1-6 mode) dominates over other modes, as is the case 

in observations (e.g. Weickmann et al. 1985, 1997, Kiladis and Weickmann 1992, Lin 

and Mapes 2004). Because the tropical intraseasonal oscillation is dominated by zonally 

asymmetric, planetary-scale phenomena, the competition is mainly between the MJO and 

its westward counterpart - the westward wavenumbers 1-6 component. Figure 9 shows 

the lag-correlation of 30-70 day precipitation anomaly averaged between 5N and 5S with 

respect to itself at 0N85E. The observational data shows prominent eastward propagating 

signals of the MJO, with a phase speed of about 7 m/s. Consistent with the 

eastward/westward ratio in Figure 8a, most of the experiments can not reproduce the 

observed highly coherent eastward propagation. Nevertheless, increasing the strength of 

moisture trigger improves the eastward propagation for KUO and SAS schemes, although 

the phase speed is often too large especially for the SAS scheme. The MCA scheme 

generally produces more coherent eastward propagation than the other two schemes. The 

NO CONV experiment simulates the best eastward propagation although the phase speed 

is a little too slow. The results are similar when using a western Pacific reference point 

(not shown). 

Next we apply more detailed scrutiny to the MJO precipitation variance by looking at 

the shape of the power spectrum. Figure 10a shows the raw spectra of the eastward 

wavenumber 1-6 component at 0N85E. Because it is difficult to see the shape of spectra 
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for several models with too small variance, we also plotted their normalized spectra (raw 

spectrum divided by its total variance) in Figure 10b. Both of the two observational 

datasets show prominent spectral peaks between 30 and 70 days periods, with the power 

of 1DD lower than that of GPI. Most of the experiments do not show a pronounced 

spectral peak in the MJO frequency band, but show too red of a spectrum, i.e., the 

variance of the MJO band does not stand above but is simply embedded within a red 

noise continuum. Increasing the strength of moisture trigger enhances the prominence of 

the spectral peak for the KUO scheme, but the effect is small for other schemes. The 

MCA scheme always produces to some degree a spectral peak with periods between 30-

45 days. The NO CONV experiment simulates the most realistic spectral peak. Results 

for 0N155E (western Pacific) are similar (not shown).  

The redness of the model spectra shown in Figure 10 brings to mind a “red noise” 

spectrum of a first-order linear Markov process (Gilman 1963; Jenkins and Watts 1968; 

Lin et al. 2006). For the first-order Markov process, the redness of the spectrum is 

determined by its lag-one auto-correlation ρ, which is hereafter referred to as the 

persistence of the time series. Therefore we plot in Figure 11 the auto-correlation 

function of precipitation at 0N85E. Both observational datasets have a ρ of about 0.7. 

The model experiments display a large scatter in the persistence of precipitation. The 

SAS scheme usually produces the largest persistence, while the MCA scheme usually 

produces the smallest persistence, and the KUO scheme lie in between. The NO CONV 

experiment simulates one of the smallest persistence. Increasing the strength of moisture 

trigger does not monotonically change the persistence. Results for 0N155E (western 

Pacific) are similar (not shown). 
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To summarize, the MCA scheme generally produces larger MJO variance, more 

coherent eastward propagation of MJO, and more prominent MJO spectral peak than the 

KUO and SAS schemes. Increasing the strength of moisture trigger does not 

monotonically enhance the MJO variance, but usually improves the eastward propagation 

of MJO for KUO and SAS schemes. The NO CONV experiment one of the most realistic 

MJO signals in terms of variance, eastward propagation and prominence of spectral peak. 

 

5. Summary and discussion 

This study examines the impacts of convective parameterization and moisture 

convective trigger on convectively coupled equatorial waves simulated by the SNU 

AGCM. Three different convection schemes are used including the RAS scheme, the Kuo 

scheme, and the MCA scheme, and a moisture convective trigger with variable strength is 

added to each scheme. We also conduct a “no convection” experiment with deep 

convection scheme totally turned off. Eight years of AMIP experiment for each model 

configuration are analyzed. Space-time spectral analysis is used to obtain the variance 

and phase speed of dominant convectively coupled equatorial waves, including the MJO, 

Kelvin, ER, MRG, EIG and WIG waves.  

The results show that both convective parameterization and moisture convective 

trigger have significant impacts on AGCM-simulated convectively coupled equatorial 

waves. The MCA scheme generally produces larger variances of convectively coupled 

equatorial waves including MJO, more coherent eastward propagation of MJO, and more 

prominent MJO spectral peak than the KUO and SAS schemes. Increasing the strength of 

moisture trigger significantly enhances the variances and slows down the phase speeds of 
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all wave modes except the MJO, and usually improves the eastward propagation of MJO 

for KUO and SAS schemes, but the effect for MCA scheme is small. The “no 

convection” experiment always produces one of the best signals of convectively coupled 

equatorial waves and the MJO. 

An interesting result of this study is that the “no convection” experiment always 

produces one of the best signals of convectively coupled equatorial waves and the MJO. 

In the early generations of GCMs, without deep convection scheme the model will blow 

up. But now with the improvement of dynamical cores, GCMs can work properly without 

deep convection scheme. Actually even when deep convection scheme is on, the large-

scale condensation scheme is still in action and contributes to the total precipitation and 

heating. How does the large-scale condensation affect the experiments with deep 

convection scheme on? Figure 12 shows the ratio between time-mean large-scale 

precipitation and time-mean total precipitation averaged between (a) 15N-15S, and (b) 

5N-5S. For the “no convection” experiment, as expected, all precipitation comes from 

large-scale precipitation and the ratio is always one. Strikingly, for the MCA scheme, 

about 90% of the precipitation comes from large-scale precipitation, and the ratio does 

not change much for different strengths of moisture trigger. In other words, although the 

MCA scheme is on, its contribution to the total heating is actually very small, and the 

experiments are basically quite similar to the “no convection” experiment. For Kuo and 

SAS schemes, when the moisture trigger becomes stronger and stronger, the ratio 

becomes larger and larger, making the experiment more and more similar to the “no 

convection” experiment. Therefore, the better simulation of waves by the MCA scheme 

and the KUO and SAS schemes with strong moisture trigger is associated with the 
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dominance of large-scale condensation in those experiments. The large-scale 

condensation scheme, by design, is very sensitive to environmental moisture. This further 

supports the importance of moisture control of deep convection for simulating the 

convectively coupled equatorial waves, although the effect may not be through the deep 

convection scheme, but is represented in the model by the large-scale condensation 

scheme. 

How does the moisture control of deep convection enhance the convectively coupled 

equatorial waves? The moisture control can affect the waves by changing either the time-

mean moisture field or the moisture anomaly associated with the waves. We plot in 

Figure 13 the time-mean total precipitable water (PW) along the equator. Except for the 

Kuo-1 experiment, there is no significant difference among different experiments for 

each scheme. For example, Kuo-2 and Kuo-3 experiments have nearly identical time-

mean PW, but Kuo-3 has much stronger convectively coupled equatorial waves. All SAS 

experiments have similar mean PW, but increasing the strength of moisture trigger 

significantly improves the waves. Therefore, the effect of moisture trigger is not through 

changing the time-mean PW, but through changing the moisture anomaly associated with 

the waves. 

Why, then, does the moisture anomaly affect the waves? It is widely accepted that 

wave-heating feedback plays a central role in amplifying and maintaining the 

convectively coupled equatorial waves. The column-integrated diabatic heating anomaly 

has six major components: the free troposphere moisture convergence, the boundary layer 

moisture convergence, the surface heat flux anomaly (latent plus sensible) due to wind 

variation, the local moisture tendency, the radiative heating, and the surface heat flux 
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anomaly due to SST variation.  These six components have been emphasized by wave-

CISK (e.g. Lau and Peng 1987), frictional wave-CISK (e.g. Wang and Rui 1990), 

WISHE (e.g. Emanuel 1987, Neelin et al. 1987), charge-discharge (e.g. Blade and 

Hartmann 1993), cloud-radiation interaction (e.g. Raymond 2001), and air-sea coupling 

(e.g. Flatau et al. 1997, Wang and Xie 1998; Waliser et al. 1999) theories, respectively. 

The moisture anomaly is involved in three of the above feedback mechanisms: the wave-

CISK, frictional wave-CISK, and charge-discharge mechanisms. A stronger moisture 

trigger makes the moisture higher during deep convection which is associated with low-

level convergence, and therefore increase the moisture convergence per unit mass 

convergence and enhance waves through the wave-CISK and frictional wave-CISK 

feedbacks. A stronger moisture trigger also prolongs the time for moisture to build up 

before deep convection can occur, and therefore increases the periods of the waves 

through the charge-discharge mechanism. 
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FIGURE CAPTIONS 

Figure 1. Annual mean precipitation along the equatorial belt averaged between  (a) 15N 

and 15S, and (b) 5N and 5S for two observational datasets and 14 models. The data are 

smoothed zonally to keep only wavenumber 0-6. The locations of continents within the 

equatorial belt are indicated by black bars under the abscissa. 

Figure 2. Variance of the 2-128 day precipitation anomaly along the equator averaged 

between (a) 15N-15S, and (b) 5N-5S. 

Figure 3. Space-time spectrum of 15N-15S symmetric component of precipitation. 

Frequency spectral width is 1/128 cpd.  

Figure 4. Space-time spectrum of 15N-15S symmetric component of precipitation 

divided by the background spectrum. Superimposed are the dispersion curves of the odd 

meridional mode-numbered equatorial waves for the five equivalent depths of 12, 25, and 

50m. Frequency spectral width is 1/128 cpd. 

Figure 5. As in Figure 4 except for 15N-15S antisymmetric component of precipitation. 

Figure 6. Variances of (a) Kelvin, (b) ER, (c) MRG, (d) EIG, and (e) WIG modes along 

the equator averaged between 15N and 15S. 

Figure 7. Variance of the MJO mode along the equator averaged between (a) 15N and 

15S, and (b) 5N and 5S. 

Figure 8. Ratio between the MJO variance and the variance of its westward counterpart 

(westward wavenumber 1-6, 30-70 day mode). The variances are averaged  over (a) an 

Indian Ocean box between 5N-5S and 70E-100E, and (b) a western Pacific box between 

5N-5S and 140E-170E. 
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Figure 9. Lag-correlation of the 30-70 day precipitation anomaly averaged along the 

equator between 5N and 5S with respect to itself at 0N85E. The three thick lines 

correspond to phase speed of 3, 7, and 15 m/s, respectively. 

Figure 10. Spectrum of the eastward wavenumber 1-6 component of equatorial 

precipitation (5N-5S) at 0N155E for two observational datasets and 14 models. (a) raw 

spectrum; (b) normalized spectrum. Frequency spectral width 1/100 cpd. 

Figure 11. Auto-correlation of precipitation at 0N155E. 

Figure 12. The ratio between time-mean large-scale precipitation and time-mean total 

precipitation averaged between (a) 15N-15S, and (b) 5N-5S. 

Figure 13. Annual mean total precipitable water along the equator averaged between 5N 

and 5S. 
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Table 1  Descripition of the sensitivity experiments to the convection scheme and its moist trigger 
function. 

Deep convection scheme Experiment Moisture trigger 
KUO KUO-1 RHa=0, RHb=10 

 KUO-2 RHa=80, RHb=90 
 KUO-3 RHa=90, RHb=95 

Simplified Arakawa-Schubert 
(SAS) 

SAS-0 α=0 

 SAS-1 α=0.05 
 SAS-2 α=0.1 
 SAS-3 α=0.2 
Moist convective adjustment 
(MCA) 

MCA-1 RHc=60 

 MCA-2 RHc=80 
 MCA-3 RHc=99 
No deep convection NO CONV  
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Figure 1. Annual mean precipitation along the equatorial belt averaged between  (a) 15N and 15S, 
and (b) 5N and 5S for two observational datasets and 14 models. The data are smoothed zonally 
to keep only wavenumber 0-6. The locations of continents within the equatorial belt are indicated 
by black bars under the abscissa. 
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Figure 2. Variance of the 2-128 day precipitation anomaly along the equator averaged between 

(a) 15N-15S, and (b) 5N-5S. 
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Figure 3. Space-time spectrum of 15N-15S symmetric component of precipitation. Frequency 

spectral width is 1/128 cpd. 
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Figure 3. Continued. 
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Figure 4. Space-time spectrum of 15N-15S symmetric component of precipitation divided by the 
background spectrum. Superimposed are the dispersion curves of the odd meridional mode-
numbered equatorial waves for the five equivalent depths of 12, 25, and 50m. Frequency spectral 
width is 1/128 cpd. 
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Figure 4. Continued. 
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Figure 5. As in Figure 4 except for 15N-15S antisymmetric component of precipitation. 
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Figure 5. Continued. 
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Figure 6. Variances of (a) Kelvin, (b) ER, (c) MRG, (d) EIG, and (e) WIG modes along the 
equator averaged between 15N and 15S. 
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Figure 6. Continued. 
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Figure 7. Variance of the MJO mode along the equator averaged between (a) 15N and 15S, and 
(b) 5N and 5S. 
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Figure 8. Ratio between the MJO variance and the variance of its westward counterpart 
(westward wavenumber 1-6, 30-70 day mode). The variances are averaged  over (a) an Indian 
Ocean box between 5N-5S and 70E-100E, and (b) a western Pacific box between 5N-5S and 
140E-170E. 



 48 

 

Figure 9. Lag-correlation of the 30-70 day precipitation anomaly averaged along the equator 
between 5N and 5S with respect to itself at 0N85E. The three thick lines correspond to phase 
speed of 3, 7, and 15 m/s, respectively. 
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Figure 9. Continued. 
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Figure 10. Spectrum of the eastward wavenumber 1-6 component of equatorial precipitation (5N-
5S) at 0N155E for two observational datasets and 14 models. (a) raw spectrum; (b) normalized 
spectrum. Frequency spectral width 1/100 cpd. 
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Figure 11. Auto-correlation of precipitation at 0N155E. 

 
 
 
 



 52 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 12. The ratio between time-mean large-scale precipitation and time-mean total 
precipitation averaged between (a) 15N-15S, and (b) 5N-5S. 
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Figure 13. Annual mean total precipitable water along the equator averaged between 5N and 5S. 

 


